hal-01671634 Introduction
An antibiotic is a natural or synthetic substance that destroys or inhibits the growth of microbes.
Since their discovery in 1943, thousands of antibiotics have been used/reported. The widespread introduction of antibiotics was one of the most important therapeutic advances of the twentieth century [1] . Antibiotics have helped to extend expected life spans by reducing the consequence of bacterial infections [2] . Antibiotics are physiologically active substances used in livestock farms to suppress parasites, prevent diseases, and increase productivity [3] .
However, the antibiotics used for animals cannot be completely absorbed or metabolized in vivo. It means that approximately 30-90 % of the administered antibiotics are being excreted through urine and feces, and subsequently released into the surrounding ecosystem [4] . Due to the biological activation longevity, the released antibiotics lead to serious environmental degradations and cause risks to human health [5, 6] .
In this study we investigate the TiO 2 based photocatalytic decomposition of two antibiotics (Flumequine and Clarithromycin), chosen among those most largely used for human and veterinary treatment.
Nowadays, fluoroquinonoles are some of the most concentrated active principles encountered in wastewater effluents [7] ; among them Flumequine is the most commonly used [8] to treat bacterial infections in veterinary medicine for preventive or curative treatment for salmon and trout. Some studies reported concentrations ranging from 2.5-50 ng/L [9] [10] [11] .
Clarithromycin belongs to the category of pharmaceuticals called macrolides and is a recurring pollutant encountered in the environment. Clarithromycin residues have been detected in wastewater (100-319 ng/L) [12, 13] , in Waste Water Treatment Plant effluent (99-280 ng/L) [13, 14] , and in surface water (6-88 ng/L) [14, 15] . Siemens et al. [16] demonstrated an average concentration of 0.39 μg/L of Clarithromycin in the wastewater in Mexico, and similar concentrations were reported for sewage in Europe, Japan, and the USA [17, 18] .
Clarithromycin is very difficult to break down when it reaches the environment. The presence of these drugs in water and soil has attracted the attention and concern of the worldwide scientific community.
Most conventional wastewater treatment plants are not efficient to remove antibiotics from wastewaters. Therefore, more practical and economical processes must be developed in order to reduce the antibiotic discharges into the environment. Physicochemical methods such as membrane filtration [18] and adsorption using activated carbon [19] have been applied to treat micropollutants e.g. antibiotics. However, the main disadvantage of such methods is that they do not destroy the pollutants but transfer the pollutant from one phase to another [20] .
Nowadays, advanced oxidation processes (AOP) have been proposed as alternative methods for the elimination of antibiotics among other compounds in wastewater [21] . [24, 25] .
This latter technique has been well-known at the fundamental level in the literature, particularly with regards to degradation mechanisms [24] . However, various studies show that the overall reaction rate of photocatalytic processes for water treatment is usually slow compared to conventional chemical reaction rates [26, 27] due mainly to the low concentration level of pollutants. Likewise, photon transfer and mass transfer limitations should also be considered as part of heterogeneous photocatalysis constraints [25] . Hence, new ways must be explored to improve this aspect. One of the original features of this study is the implementation of falling film reactor by combining photocatalysis and other advanced oxidation processes (AOPs).
It is well established that advanced oxidation processes (AOPs) present interesting efficiencies for the elimination of persistent substances [24, 26, [28] [29] [30] . Photocatalytic processes are the most commonly used AOPs and have been successfully applied for the degradation of a wide range of antimicrobial agents in aqueous solutions [7, 24, 31, 32] . The most commonly used semiconductor photocatalyst is TiO 2 due to its low cost, high stability, and low environmental impact [24] .
Recent studies have demonstrated the feasibility of Flumequine degradation in aqueous solutions [8, [33] [34] [35] [36] . Other studies have used photocatalysis to successfully degrade Flumequine [37] [38] [39] [40] [41] . Others have focused on the photocatalytic degradation of Clarithromycin and reported low degradation efficiencies [42] [43] [44] [45] [46] .
In the present study we combine UV/TiO antibiotics and the photocatalyst surface during the treatment were also studied by mixing Flumequine and Clarithromycin in various proportions. Consequently, we have especially studied the effect of radicals and hole scavengers in order to elucidate the pathways involved in the photocatalytic degradation of these antibiotics.
Materials and methods

Chemical reagents
Our study focuses on degradation of 2 selected drug models: Flumequine and Clarithromycin.
Flumequine, as a first-generation fluoroquinolone antibacterial, could represent the characteristics of other fluoroquinolone antibiotics, because of a similar chemical structure.
And Clarithromycin, as a macrolide antibiotic, has been commonly used over the years.
In this study, the Flumequine (98%) was purchased from Alfa Aesar. Clarithromycin was from Sigma Aldrich. Acetonitrile (quality of LC / MS) was purchased from Biosolve BV. H 3 PO 4 and KH 2 PO 4 were supplied from Carlo Erba. The deionized water was 18.2 MΩcm at 25°C. The temperature of column and sample were 45 °C and 5 °C respectively. The volume of injection was 10 μL.
Analytical methods
The initial eluent composition was 30% A / 70% B for 1 min and then the proportion returned to initial conditions in1 min. This linear gradient could separate the two peaks via time.
The mineralization was controlled by a TOC analyzer (Shimadzu TOC-L CPH). The TOC-L series of TOC analyzers adopts the 680°C combustion catalytic oxidation method, while providing an ultra-wide range of 4 μg/L to 30 mg/L, these analyzers boast a detection limit of 4 μg/L.
Catalyst and Experimental set-up
Redox catalysis as detected by X-ray photoelectron spectroscopy (XPS)
The photocatalytic media provided by Ahlstrom Company, under reference Alhström 1048, is a non-woven textile composed of cellulose fibers coated with a mix of catalyst (TiO 2 Millennium PC 500), zeolite and silica. The layer catalyst thickness is equal to 250 μm.
The X-ray photoelectron spectroscopy (XPS) of the photocatalyst was determined using an AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK) provided for with monochromatic AlKa (hn=1486.6 eV) anode. The carbon C1s line with position at 284.6 eV was used as a reference to correct the charging effects. The surface atomic concentration was determined by XPS from the peak areas, using the known sensitivity factors for Ti and O. The surface percentages composition was determined within the topmost atomic layers. The XPS spectral peaks were deconvoluted with a CasaXPS-Vision 2, Kratos Analytical UK.
Experimental Set-Up
The pilot used in this study consists of a pump, a spillway, a storage tank, a reactor with a staircase that was equipped with UV lamps and catalyst paper ( Figure 1 ). It suits the term "falling film flow", which represents an alternating horizontal and vertical flow film. This system has several advantages:
o A thin water film on the catalyst, thus generating low absorption of UV light;
o The six steps of staircase could both increase the catalyst surface and improve oxygenation of the waste solution. Indeed, the geometry of this film allows a large exchange surface between the liquid and the air, thus increasing oxygen transfer in water.
The photoreactor [47, 48] for three lamps.
As a first step, the solution was introduced in a tank equipped with a magnetic stirrer and was pumped with a flow rate ranging from 70 to 150 l/h. The liquid flow on the photocatalytic surface was in the form of a thin falling film.
For most of the experiments, 2 L of various concentrations of a neutral polluted solution were used. In the case of coupling ozone and H 2 O 2 with photocatalysis experiment, 3L of solution were prepared in order to ensure a sufficient liquid volume for the passage of ozone. The solution was added from the storage tank, and cycled by the pump. Samples were taken from the tank to evaluate the antibiotic concentration versus time.
After reaching adsorption/desorption equilibrium after 30 minutes in the dark, the photocatalytic degradation began with the UV lamps turned on to irradiate the solution.
Insert 
Effect of Flow Rate
Mass transfer limitations become a dominant factor when using an immobilized TiO 2 layer, which usually lead to a lower overall degradation rate [50] .
Compared to suspended catalyst systems, research has been carried out on TiO 2 immobilization. On the basis of the research of Ajay K. Ray, 2016 [51] , there are two obvious problems arising from this arrangement: one is the accessibility of the catalytic surface to the photons and the reactants, and another is a significant influence of the external mass transfer resistance particularly at low fluid flow rates, due to the increasing diffusion length of the reactant from the solution to the catalyst surface.
So it's obvious that flow rate plays a crucial role in the degradation process. In a specific experiment, we settled on a flow rate which ranged from 70 to 150L/h. Figure 3 shows the evolution of Flumequine reaction rate with flow rate and also confirms the observations drawn above.
Insert Fig. 3, here
Here, we note that for low flow rates, Flumequine is highly degraded. However, when the flow rate is above 149L/h, we see another trend. In fact, at high value flow rates, the photocatalytic removal of Flumequine is inhibited. Therefore the following explanation was proposed:
For low flow rates, the water film is thin; oxygen is much more able to come into contact with a catalytic surface. Furthermore, a thin water film contributes to satisfactory light intensity.
When the flow rate is above 149L/h, we get another approving apparent kinetic constant.
While increasing the flow rate of the thickness of water film increases, which has the disadvantage of photon entering into the interface of two phases. However, increasing the flow rate also leads to a good mass transfer. Even more, with good mass transfer (due to the equivalent of self-stirring for each step) and hole/electron recombination there was an increase of pollutant degradation.
Using the same experimental set-up, Brosillon et al [49] have proved that the maximum Reynolds number Re max was equal to 265, and confirming that the flow was laminar for the flow rate range studied.
It is important to note that in the falling film photoreactor, there is recirculation between the tank and the irradiation zone (reaction zone). As such, the complete setup could be regarded as a mixed batch reactor. Obtained k values (apparent kinetic constant) at different flow rates are summarized in Table   1 . There was a clear "non-linear" relation between k and the flow-rate.
In order to better
Insert Table 1, here
To better underpin the relation between reaction rate and flow rate, it was considered necessary to evaluate the value of film thickness which can be calculated by this relation [49] :
where Γ is the flow per unit of width (m 3 .s −1 .m −1 ), L= is the depth of the step, Q is the flow rate and g the gravity.
The falling film thicknesses values are summarized in Table 2 and range from 0.9 to 1.4 mm depending to flow rate. With regard to these values of falling film thickness (about 1mm), one can expect improved selectivities and an increase in overall conversion since the film thickness is a parameter that is relevant in the photon absorption models [52, 53] .
Insert Table 2, here
With respect to the study of Behnaz Sheidaei, 2015 [54] , k app (apparent rate constant) increases with increasing volumetric flow rate under the continuous-flow ambiance. Besides, the enhancement of k app with increasing volumetric flow rate of liquid may be related to the higher amount of liquid passing through the photoreactor and an increase in the mass transfer rate [55] .
Serpone et al. [28] demonstrated that in multipass mode experiments, both reactors exhibit higher degradation rates for phenol at higher flow rates. By contrast, greater degradation is associated with lower flow rates in single-pass mode experiments, which tells us that the effects of flow rate also depend on the different reactors.
Effect of UV light intensity
To assess the influence of UV intensity on the degradation and mineralization of Flumequine, several experiments at different inlet concentrations and different UV intensities were performed with Flumequine on the photocatalytic reactor. Different light intensities were obtained by varying the number of lamps (one lamp emitted a UV intensity of 14.5 W.m -2 ; two lamps: 27 W.m -2 ; three Lamps: 38 W.m -2 ). Here, the flow rate and the value of pH were kept constant at 77L/h and 6.6 respectively.
Admittedly, light intensity is an elementary factor in antibiotic degradation, because electronhole pairs are produced by UV light energy. Table 3 and Fig. 4 show a rise in the degradation rate constant k app of Flumequine with increased light intensity for a certain initial concentration.
For example, the decomposition rate at 38 W/m 2 is faster than at 27 and 14.5 W/m 2 .This is because a higher light intensity provides higher energy for more TiO 2 to produce electron-hole pairs. Additionally, it is evidently observed that k app increases by increasing light intensity.
Insert Table 3 With a low UV intensity light, the value of α approximately equal to 1, the degradation rate presented a first order reaction [57] [56] . As the UV intensity light increased, the reaction degree decreased. Thus, the kinetic constant is plotted versus the light intensity on a log-log scale (Fig.4) . As seen, the degradation rate of Flumequine increased with UV light, following a firstorder regime. This result shows a nearly linear correlation between the UV light intensity and kinetic constant of Flumequine degradation. Thus the experiments were not performed under UV saturation and, therefore, the consummation of the electron-hole pairs was more rapidly by chemical reactions than by recombination [56] .
Photocatalyst poisoning
When the quantity of lamps was reduced, the immobile TiO 2 paper changed to a much more yellow color.. Higher UV light intensity provides higher energy for more TiO 2 to produce electron-hole pairs. During the Flumequine degradation, the shortfall of hole/electron when light was lacking would cause catalyst poisoning, which contributed to the color change (yellowish color).
After regeneration under 3 UV lamps and stirring the water for about 1h, the color returned to white from yellow.
Competition effect: case of mixture of Flumequine and Clarithromycin
The We obtained different values of reaction rates for these two organic compounds by changing the molar ratio of Clarithromycin from 30%, 50% to 70%. Fig 6 shows We investigated three different radical scavengers EDTA, iso-propanol and carbon tetrachloride (CCl 4 ) to add into wastewater. Some recent experiments were conducted to prove that EDTA and iso-propanol were hole scavengers, while CCl 4 was an electron scavenger.
These mechanisms are described in table 4 [61] .
Insert Table. 4, here Table 5 shows the effect of different radical scavengers on both removal efficiency and mineralization of Flumequine after 300 min of reaction (for C 0 =30mg/L).
Insert Table 5, here
The results of degradation and mineralization will be pointed out to better understand the pathway of flumiquine degradation and to study the contribution of hydroxyl radicals in the reaction mechanism.
The effect of adding radical scavengers (such as EDTA) during Flumequine degradation process was investigated. When Flumequine solution was added to 200 mg/L EDTA, a reduction of Flumequine degradation efficiency from 95 % to 75% was observed, which translates into a sharp decrease from 86% to 40% of TOC efficiency (Table 5) , this behavior is mainly due to the inhibition of the activity of the photo-generated holes.
In the presence of 2.00 mL/L iso-propanol, the mineralization efficiency of organic compounds slightly dropped from 86% to 83%.
By contrast, by adding 0.1 mL of CCl 4 , the mineralization efficiency of Flumequine was improved from 86% to 91%, which reduced the chance of recombination of •H and •OH and finally led to the increase of the degradation efficiency of Flumequine.
Process intensification: case of coupling Ozone and H 2 O 2 with photocatalysis
The investigation scavenger shows that OH radicals are the main active species in the falling film photocatalytic reactor. In order to enhance the amount of active species, we added H 2 O 2
and O 3 as oxidant agents.
After the 30 min required ensuring the adsorption equilibrium between Flumequine and the TiO 2 surface, the UV light was switched on and simultaneously H 2 O 2 was added. Table 6 . By comparing the TiO 2 /O 3 and the TiO 2 /UV processes, Table 6 shows that UV light provides the required energy for •OH radical producing, thereby for the mineralization of organic compounds. In addition, by comparing the UV/O 3 and TiO 2 /UV processes, we can conclude that the photocatalytic process degraded Flumequine much more effectively than the photooxidation process in the presence of ozone.
The results obtained in this study are in accordance with those of Rodrigues-Silva et al [34, 62] , Palominos et al., [41] and Mansila et al. [63] who obtained more than 90% of Flumequine degradation according to the case.
Insert Table 6 , here
Identification of reaction products and probable degradation pathways
In order to identify the intermediate byproducts of Flumequine, a treated solution was analyzed after 30 minutes with Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). The structures shown in Fig. 9 below are the main photo-degradation by-products of Flumequine. It is obvious that a saturated ring opening has occurred, while the other two unsaturated rings remained stable. Furthermore, the aromatic ring remains remained stable within the degradation time of the molecule. Even after 2h of photocatalytic degradation, the amount of compound (1) and (2) were still high in the solution. Another characteristic is that decarboxylation was one of the initial steps for the degradation pathway. This decarboxylation may happen because of the presence of RCOO− that reacts easily with the photo-generated holes (h+), thus producing a unit of CO 2 .
Insert Fig. 9, here 
Redox catalysis during the photocatalytic degradation
The photo-generated of ROS radicals have been documented and characterized for most of their properties like: concentration, lifetimes, spectra and redox potentials by numerous workers [29, [64] [65] [66] [67] reporting on the photocatalytic activity of TiO 2 thin films. Light absorption in TiO 2 , induces the formation of Ti 3+ prominent for O-vacancies and precluding e − /h + recombination in TiO 2 .
Redox processes involving Ti 4+ /Ti 3+ was seen to occur on the photocatalyst paper during the photo-degradation of the pollutant as shown in Figure 10 a/b. At time zero, Figure 10 shows that a Ti 4+ peak at 458.2 eV is slightly higher than the Ti 3+ peak at 457.7eV. Both oxidation states coexist on the TiO 2 -paper at time zero. After pollutant degradation, the Ti 3+ peak increases to more than 80% of the XPS signal and the Ti 4+ shows less than 20%. This redox reaction on the TiO 2 occurs concomitant to the pollutant degradation as shown in Figure 10 . 
